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Nuclear magnetic resonance spectroscopy provides strong evidence that the sixth ligand is a methionyl residue in both the ferric and ferrous oxidation states. It is further shown that in cyanoferricytochrome c cyanide ion replaces methionyl in the first coordination sphere of the heme iron. Additional data are obtained on the protein conformation and on the electronic structure of the heme group in ferricytochrome c. As in other heme proteins, the interactions with the polypeptide chain greatly affect the unpaired electron distribution in the heme group of cytochrome c. In particular, from a comparison of ferricytochrome c and cyanoferricytochrome c, the importance of the coordination of the sixth ligand is apparent.
Introduction.-Cytochrome cl is a protein of the respiratory chain which contains one heme group ( Fig. 1) per molecule. The axial positions of the heme iron are occupied by two amino acid residues, one of which was found from X-ray studies to be the histidyl residue in position 18.2 The present nuclear magnetic resonance (NMR) experiments yield information on the sixth ligand ( Fig. 1 ). In the biological role of cytochrome c, interconversion between the ferric and ferrous oxidation states of the heme iron is an important factor. This paper presents a preliminary discussion of conformational changes arising from interconversion between the ferric and ferrous oxidation states, and of the electronic structure of the heme group in ferricytochrome c.
Nuclear magnetic resonance studies of cytochrome c have been described previously. Kowalsky3 reported that hyperfine interactions with the heme iron give rise to large upfield and downfield shifts of three proton resonances of ferricytochrome c. More recently, McDonald and Phillips studied the denaturation of cytochrome C4 and presented an interpretation of the NMR spectrum of ferrocytochrome c.5
Experimental. Kowalsky.3 The resonances of amino acid residues located near the plane of an aromatic ring experience an upfield ring-current shift which may be as large as 2 ppm for protons located within a few angstroms above or below the plane of a phenylalanine ring.9 Considerably larger shifts may result if the protons are located near several aromatic amino acid residues or near the plane of the heme group. 8 Resonances of aliphatic amino acid residues can thus be shifted to positions several ppm upfield from DSS and may be well resolved at 220 Mc. Ring-cur- (The HR-220 spectrometer operates with a 10 kc/sec field modulation. Usually one observes the first upfield side band. If large hyperfine shifts occur, parts of the center band and the different side bands of the spectrum overlap.) rent shifts are very sensitive to the relative positions of the observed protons and the aromatic rings in the three-dimensional arrangement of the polypeptide chain and hence to conformational changes in the protein.4 6 On the other hand, in the absence of conformational changes, ring-current shifts are independent of temperature.7
In the NA1IR spectra of paramagnetic heme proteins, one observes hyperfine shifts in addition to the ring-current shifted resonances.7 The unpaired electron of the iron in the low-spin ferric hemes (Fe3+, S 1/2) of ferricytochrome c and cyanoferricytochrome c is delocalized into the 7r-orbitals of the axial ligands And the porphyrin ring. Unpaired electron density is then transferred by spin polarization or hyperconjugation'0 from the carbon or sulfur atoms to the protons attached directly, or in methyl and methylene groups (Fig. 1) . The resulting contact shifts of the heme proton resonances are proportional to the spin densities on the nearest ring carbon atoms.'0 It appears that for low-spin porphyrin iron (III) complexes contact shifts are large compared to pseudo-contact shifts.8 11 Furthermore, because of the very short electronic relaxation times of low-spin ferric hemes,'2 the line widths of the proton resonances are essentially unaffected by electron-proton interactions. Hence, information about the unpaired electron distribution in the 7r-orbitals of the heme group can be obtained from NMR studies.7 For the following discussion it is of importance that hyperfine shifts are proportional to the reciprocal of temperature.
Ring-current shifts and hyperfine shifts can be distinguished from their temperature dependences.7 In the spectra of Figure 2 , one finds that all the resonances in the regions -10 to -35 ppm and 2 to 7 ppm are shifted by hyperfine interactions.'4 The temperature dependence of the ferricytochrome c spectrum between DSS and 3 ppm is shown in Figures 3 and 4. From Figure 4 it appears most likely that the resonances of intensities three and six protons observed at +100 cps and +40 cps are shifted by ring-current fields. Further evidence for the presence of ring-current shifted lines between 0 and 3 ppm comes from the observation that the total intensity of the resonances outside 0 to -9.5 ppm (Fig. 2) corresponds to a larger number of protons than are on the ligands bound to the iron (Fig. 1) . From their temperature dependences all the other resonances upfield from DSS appear to be shifted by hyperfine interactions.
In the ferricytochrome c spectrum FERRICYTOCHROME C (GUANACO) we then have the following hyperfine (Fig. 2) and at 0.2 ppm DSS (Fig. 4) (Fig. 1 ) are observed at -22.9, -21.1, -16.0, and -11.4 ppm (Fig. 2) . Most of the other hyperfine shifted lines are at high field from DSS, but no resonance of intensity more than one proton is above 2 ppm. As in ferricytochrome c it appears that there are three ring-current shifted methyl resonances between 0 and 1 ppm. The NMR spectrum between -10 and -35 ppm can be used for studies of the reaction of ferricytochrome c with cyanide ion. It was found that the cyanoferricytochrome c spectrum in Figure 2 corresponds to a 1:1 complex.'4
In Figure 5 the high-field regions of the NMR spectra of ferricytochrome -c, cyanoferricytochrome c, and ferrocytochrome c are compared. The latter, which is diamagnetic (Fe'+, S = 0), contains ring-current shifted resonances of intensity three protons at 3.3, 0.7, 0.6, and 0.6 ppm, a resonance of two protons at -0.1 ppm, and resonances of one proton at 3.7, 2.7, 1.9, 0.2, and -0. McDonald and Phillips5 suggested that the lines between 1.9 and 3.7 ppm come from the methyl group and three protons of the oy-and fl-methylenes of an axial methionyl residue (Fig. 1) which would experience the strong ring-current field of the porphyrin ring. As discussed above, other explanations for the unusual positions of these resonances could be found. However, the following experiment implies that the assignment to the methionyl protons is correct. A solution of cyanoferricytochrome c was reduced with dithionite. Figure 6 shows the resulting changes in the NMR spectrum. As judged from the disappearance of the hyperfine shifted resonances, the reduction was very fast at 90C. On the other hand, the four resonances between 1.9 and 3.7 ppm of the ferrocytochrome c spectrum appeared very slowly. After 50 minutes, the reaction was not complete, as is seen from a comparison of the last two spectra of Figure 6 . These observations agree with the following reaction mechanism proposed by George and Schejterl7: its place in the native protein.
The data in Figure 6 show that the ferrocytochrome c resonances between 1.9 and 3.7 ppm come from this axial ligand which then has to be methionyl, since this is the only hemochrome-forming amino acid residue" 16 that contains a methyl group.ll\ methyl~~~~~~~~~~~~1 group.
RED. WITH DITHIONITE
In addition to the identification of RED. W T E the sixth ligand, the NMR spectra yield data on the protein conformation and on the electronic structure of the heme group in ferricytochrome c. For example, a comparison of the spectra in Figure 5 shows that the ring-current 2 
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shifted methyl resonances at 0.7, 0.6, and 0.6 ppm in ferrocytochrome c are conversions between ferric and ferrous oxidation states and complex formation with cyanide ion. Extension of the analysis to the entire spectrum of the polypeptide chain will lead to a more detailed description of these conformational changes.
From Figure 2 the unpaired electron distribution in the heme group of ferricytochrome c differs greatly from that found in cyanoporphyrin iron (III) complexes.1" Thus, as was found in other heme proteins,7 15 the polypeptide-heme interactions have a strong influence on the electronic structure of the heme group. In particular, the comparison of ferricytochrome c and cyanoferricytochrome c implies that the coordination of the sixth ligand to the heme iron is an important factor. The proton resonances at -34.0 and -31.4 ppmt of ferricytochrome c correspond most likely to two ring methyls of the heme group."4 The two remaining ring methyl resonances are then much closer to -3.5 ppm, which is the resonance position of the ring methyls in diamagnetic porphyrins.8 This shows that there are large positive unpaired electron densities on ring carbon atoms of two pyrrole rings of porphyrin c, and small positive or negative spin densities on the two other pyrroles. This is interesting because in its biological role ferricytochrome c takes up an electron. Since X-ray studies have shown that only one edge of porphyrin c is exposed to the solvent,2 a possible path for the electron transfer would seem to be through this edge. Negative or small positive electron density at one of the exposed pyrrole rings might contribute toward a favorable free energy for the electron uptake.
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